ABSTRACT
INTRODUCTION

1
Winter wheat-summer fallow rotation (WW-SF) is the predominant cropping system in the 2 low precipitation regions of north-central Oregon and south-central Washington of the Inland 3 Pacific Northwest (IPNW) where precipitation is considered inadequate to produce a crop every 4 year. The region covers about 1.6 million ha and receives less than 305 mm per crop-year 5 (Schillinger et al., 2003) . Fallowing is used primarily to store winter precipitation, allow 6 mineralization of nutrients (N, S), control weeds, and is economical where rainfall is less than 7 330 mm (Leggett et al., 1974; Bolton and Glen, 1983) . The WW-SF system, however, depletes 8 SOC, exacerbates soil erosion and it is not biologically sustainable (Rasmussen and Parton, 9 1994; Williams, 2003; 2008) . Current WW-SF systems involve intensive tillage using a 10 cultivator, chisel, and disk plough. Breeding efforts to develop high yielding semi-dwarf wheat 11 varieties with high water-use efficiency and disease resistance have not been able to stem the 12 decline in biological sustainability in the IPNW (Duff et al, 1995) . Economic sustainability was 13 also declining in the IPNW fallow cropping systems because costs continued to rise while wheat 14 prices remained static (Duff et al., 1995) until recently when wheat prices increased from $0.15 15 kg -1 in the 1990s to $0.26 kg -1 in the late 2000s (Portland Wheat Exchange, 2013) . Future wheat planted small grain acreage and 10 to 20% of fall-planted small grain acreage (Smiley et al., 1 2005) . Winter wheat -summer fallow using CT is still the predominant summer fallow system.
2
However, there has been a steady increase in growers interested in and experimenting with NT 3 cropping but information on the productivity and reliability of these systems in this low 4 precipitation zone remains inadequate.
5
Of the long-term experiments that have been conducted in the IPNW, the earliest were Agricultural Research Center (CBARC) at Moro in north central Oregon (Hall, 1955; 1960; 8 1963) where mean annual precipitation is 280 mm. Another set of long-term experiments, (Guy, 2005 (Guy, , 2006 and at Lind, WA with mean annual precipitation of 203 mm (Schillinger, for this study were soft white types. For all the treatments, each phase of each rotation was 6 present in each year so that data could be collected every year. Treatments are described below. Winter Wheat (WW): After harvest, plots were sprayed with glyphosate [N-(phosphonomethyl) 10 glycine] at a rate ranging from 1.2 to 1.9 kg a.e. ha -1 to control of summer weeds in late
11
September or early October. The plots were then seeded at a seeding rate of 240 seeds m -2 and a Tribenuron-methyl: 3, Harmony Extra, and 0.5 % v/v NIS to control broadleaf weeds. Wheat and barley were harvested 7 between the last two weeks of July and first two weeks of August. were flail mowed and primary tillage was conducted to a depth of 15 cm using a chisel plow
16
(John Deere (JD) 1600, John Deere, Moline, IL) and followed by sweep cultivation to a depth of 17 about 13 cm using the same JD 1600 equipment but now fitted with 30 cm wide sweeps. From
18
May to August, the plots were rod-weeded as needed at a depth of 8 to 10 cm to control weeds.
19
On average, the plots were rod-weeded two or three times per season. In August soil was 20 sampled to a depth of 30 cm at six locations, composited, and sent to AgSource Laboratories for 21 nutrient analyses. Using this information, the plots were fertilized with anhydrous ammonia
22
(NH3) to bring soil N levels to 90 kg ha -1 at the beginning of September using shank applicators.
Gypsum was also applied to maintain sulfur levels above 10 ppm. Fertilizer rates were based on these plots was compared with other rotations in this experiment. from all plants at the peduncle using scissors and counted to determine the number of ears m -2 .
21
Spikelets per ear were then counted from 10% of the total number of ears m -2 . These ears were threshed and the grain weight added to grain weight from 10% of the ears to obtain total grain 1 weight per bundle (one-meter quadrat). Harvest index (HI) was calculated by diving total grain 2 weight by total bundle weight. Straw residue weight was calculated by subtracting total grain 3 weight from total bundle weight. Four batches of 1000 grains each were counted from grain from 4 each bundle, weighed, and averaged to determine 1000 grain weight. Crops were harvested in 5 late July or early August. A strip following the centerline of each 15-m wide plot was harvested 6 using a commercial combine with a 5.5-m header. Grain yield was measured using a GYC-150
7
Yield Cart (Unverferth Manufacturing Co., Shell Rock, IA) to obtain grain yield per treatment.
8
To compare grain yields of rotations involving fallow and grain yields of annual crops, grain 9 yields of two-year fallow rotations (WW-SF and WW-CF) were annualized by dividing grain 10 yield of wheat by two. Grain yields of the three-year rotation (WW-SB-CF) were annualized by 11 dividing the sum of the winter wheat and spring barley grain yields by three. Grain protein was 12 measured using the Inframatic 9200 (Perten Instruments, Hägersten, Sweden). Plant population,
13
phenology, plant height, and HI were determined in all six years. Ears m -2 were measured in 4 of cover as the dependent.
1
Soil samples for soil organic carbon determination were taken at depths of 0-10, 10-20, 20-2 30, and 30-60 cm using a hand probe, 2.5 cm in diameter (Spectrum Technologies, Inc., Aurora, 3 IL.). Four samples per plot were taken and samples at the same depth were mixed and analyzed.
4
The soil samples were oven dried at 40° C for 48 hours and ground with a rolling pin. The 5 ground soil was then passed through a 2-mm sieve and then through a 1-mm sieve. Any visible 6 organic matter not collected in the sieves was removed using tweezers. The resulting material 7 was placed into a 60-mL capped round bottle containing two steel rods and placed on a vial 8 rotator for four hours to pulverize the soil. A subsample (25 to 28 mg) was then weighed out into 9 a 5x9 mm tin capsule (C. E. Elantech, Inc., Lakewood, NJ) for analysis. Soil samples were 10 analyzed for total carbon using a Flash 1112 elemental analyzer (Thermo-Finnigan, Milan, Italy).
11
If pH of the samples was below 6.5 then TC was assumed to be entirely soil organic carbon 12 (SOC). If pH was more than 6.5 SOC soil samples were analyzed for inorganic carbon using a
13
CA-100 TOC analyzer (Skalar Analytical B.V., Breda, The Netherlands). Soil organic matter 14 was then determined by subtracting inorganic carbon from total carbon. (Deibert et al., 1986; Norwood, 1999; Chen et al., 2003) . Soil water depletion was the difference 6 between soil water content measured at or near seeding and the soil water content measured after 7 maturity. Growing season precipitation was precipitation received from the seeding to maturity 8 for all crops in the rotations. For all treatments soil moisture at seeding was assumed to be the 9 culmination of precipitation received and soil moisture loss or depleted between the previous 10 harvest and seeding. Based on estimated internal soil drainage values for the long-term 11 experiments at CBARC (Payne, 1998 (Payne, , 2001 season precipitation for each crop (Peterson et al., 1996) as follows:
where GYww is winter wheat grain yield, GYSB is spring barley grain yield, WSDWW is soil water at 4 seeding for winter wheat, WMATWW is soil water at maturity for winter wheat, PGSWW is growing 5 season precipitation for winter wheat, WSDSB is soil water at seeding for spring barley, WMATSB is 6 soil water at maturity for spring barley, and PGSSB is growing season precipitation for spring 7 barley. analyzed by PROC GLIMMIX SAS procedure for a randomized complete block design (Gbur, et 20 al., 2012 continue, the potential for cropping intensification, increased residue production, and SOC 2 accretion will be improved (Wood et al., 1991; Halvorson et al., 2002) . Seeding dates of fall seeded crops were dictated by seed zone moisture availability and the 10 ability of the drill to place seed in the moisture zone. Winter wheat in the WW-SF rotation was 11 seeded first during the first week of October. Using a deep furrow HZ drill, seeds were placed in 12 the moisture zone 10 to 15 cm below the soil mulch created by rod weeding during fallow 13 preparation. Spring cultivation and rod weeding creates a dust much that disrupts soil capillarity 14 thereby impeding evaporation of stored soil moisture (McCall, 1925) . Winter wheat in the WW-
15
CF and WW-SB-CF rotations was seeded next about 11 to 14 days later compared to WW-SF.
16
Seed zone moisture in these NT summer fallow rotations wasn't significantly different from that (Fig. 1) . However, the Fabro® drill, using hoe openers, was not able to place seed deep 19 enough in the moisture zone and therefore seeding was usually delayed until after the top 10 cm 20 was sufficiently wet from fall rains. In crop-years where fall precipitation was delayed wheat 21 was "dusted in", meaning wheat was seeded into dry soil at a depth of about 5 to 10 cm.
22
Eventually fall precipitation replenished soil moisture allowing seed to germinate. Fall-planted wheat reached flowering and maturity earlier than spring planted crops 9 (Table 2 ). However, differences in maturity dates were less pronounced as the differences in 10 flowering dates resulting in longer grain filling durations (flowering to maturity) for fall-planted 11 crops (Table 2) . Late flowering and maturity dates were negatively associated with grain yield (- (Camara et al., 2003) . Grain yield of annual WW was not significantly 13 correlated with precipitation due to confounding effects of diseases and weed infestation (Smiley 14 and Machado, 2009) . In general wheat yield in all fallow rotations was not correlated to 15 precipitation (Table 6 ). Wheat grown after fallow rely on moisture stored in the fallow period 16 and precipitation during the crop year and therefore may not be as dependent on the amount of 17 crop-year or growing season precipitation as annual crops (Leggett et al., 1974; Bolton and Glen, 18 1983).
19
Under annual cropping, WW in rotation with WP produced the highest grain yields in five 
2
When grain yields from all rotations were compared on an annual basis, annual SB 3 produced the highest grain yield (2.03 Mg ha -1 ) ( Table 5 ). The higher grain yield in annual SB 4 compared to annual SW was attributed to the production of higher numbers of ears m -2 and 5 spikelets per ear (Table 3 ). Grain yield of barley has been shown to be highly correlated with the 6 number of ears m -2 (del Moral and del Moral, 1995) . Barley also produces more ear bearing 7 tillers than wheat (Alzueta et al., 2012) . Furthermore, root lesion nematode infestation was 8 lowest in annual SB in this experiment (Smiley and Machado, 2009) . Spring barley's ability to 9 suppress root lesion nematodes populations created growing conditions conducive for producing 10 high yield. Wheat from WW-SB-CF rotation produced the second highest yield followed by 
17
Growing WW in rotation with WP was also possible provided moisture was adequate and the 18 pea cover crop supplied enough nitrogen to make the rotation economical.
19
Water use efficiency was positively associated with grain yield (r = 0.49, P<0.0001) and 20 ranged from about 6.7 kg ha -1 mm -1 in annual WW to 12.0 kg ha -1 mm -1 in annual SB (Table 5) .
21
Rotations that produced high grain yield generally had high WUE. However, WUE of annual SB and WW-SB-CF), although higher, was not significant different from WUE of winter wheat in 10 WW-SF (Table 5) . Chemical fallow, therefore, did not lead to improved WUE, but also did not 11 reduce WUE during this study.
weight increased. Based on these results estimating residue weight from weight or vice-versa 1 was more accurate when residue weight was below 300 g m -2 (3.0 Mg ha -1 ) or below 40% cover.
2
Above 40% cover, residues accumulated without corresponding increase in percent cover as crop 3 residues pile on. The Natural Resources Conservation Service (NRCS) and Conservation
4
Technology Information Center (CTIC) defines conservation tillage as any tillage and planting 5 system that covers 30 percent or more of the soil surface with crop residue, after planting, to 6 reduce soil erosion by water (USDA-NRCS, 1999).
7
Annual cropping systems sequestered more SOC than fallow cropping systems (Fig 5) . Soil 8 organic carbon values in the 0-10 cm depth profile were highest under annual SW, annual SB but 9 these values were not significantly different from SOC values obtained from the grassland plots.
10
There were no significant differences in SOC in the 0-10 cm soil depth profile among other 11 rotations. Below 10 cm, there were no significant differences in SOC among all rotations 12 including the grassland plots. However, the result that SOC levels under these cropping systems cropping systems was largely attributed to higher residue production compared with fallow 18 cropping systems where one crop was grown in two years ( annual basis (Table 3 ). The WW-SF cropping systems have been shown to produce about half 21 the amount of residue inputs required to maintain SOC (Machado, 2011) . Rotations producing
22
and retaining more crop residues will eventually increase SOC accretion and associated 23 ecosystem services such as increased water infiltration, water holding capacity, cation exchange 1 capacity, soil aggregation and reduced soil erosion that favor increased agricultural productivity Johnson, et al., 2009) . Increased carbon sequestration is a prerequisite to developing agricultural 3 production systems that are resilient to climate change (Lal, 2004a; Lal, 2004b) .
Results from the 6-year study showed that wheat and barley can be successfully produced water erosion and has the potential to accumulate more SOC than soil under fallow systems. Northwest) projects for funding this study. .52 a †All plots are direct seeded except the conventional winter wheat -summer fallow treatment Means with same letter are not significantly different at the 0.05 probability level (Tukey's Test) WW -winter wheat, SW-spring wheat, SB-spring barley, SF-summer fallow, CF-chemical fallow ‡ Annualized yields for the 2-yr rotations were derived by dividing the yield obtained every other year by 2. For the 3-yr rotation annualized yield was derived from adding winter wheat and spring barley yields of the 3-yr rotation and dividing by 3 ‡ ‡ Results shown pertain to WW 
